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Abstract: The paper deals with the use of vibro-compressed units with bio-natural components on
construction. The proposed mix design of vibrated blocks consist of cork granules and/or hemp
shives, with the aim to substitute polymeric elements or expanded clay, together with the use of
natural hydraulic lime (NHL) as binder. An experimental campaign is presented, with mechanical
tests to evaluate the influence of each component on flexural and compression behavior. The proposal
is also investigated from a productive point of view, considering how it can be harmonized in the
productive process of lightweight aggregate concrete units without modifications in the productive
process. The tested elements could perform a certain reduction of the carbon impact, maintaining
interesting mechanical properties. The application of the proposed units in several contexts, as
separating elements joined with structural components, is considered to improve rehabilitation or to
obtain higher performances in buildings.
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1. Introduction
Existing constructions, especially with historical masonry load-bearing walls, are often
characterized by poor mechanical properties, due to the use of not-engineered or not-properly-selected
components, as experimentally observed in [1,2]. In other contexts the presence of humidity at the base
of the walls is able to reduce the mechanical properties and the integrity of the constructions [3]. In these
last cases, the application of specific reinforced damp proof courses [4] or temporary reinforcements [5]
can mitigate this aspect. The application of smooth dissipating elements at the basement can also
induce the interesting “biaxiality effect” during seismic motions [6]. Further progress can nevertheless
be obtained in the mentioned cases by the adoption of bio-natural components: the types investigated
here can be a possible choice. It should also take into account that the non-structural elements in
seismic zones should be calculated, as requested by European regulations (Eurocode 8). Moreover,
recent earthquakes (Abruzzo 2009, Emilia 2012—Italy) [3] showed that great damage, injuries and
loss of life occurred due to the collapse of non-load-bearing elements as separating walls or façades or
internal clay layers for thermal insulation.
In the last decade, the use of hemp in civil constructions has drawn the attention of producers and
designers pointing out perspectives and difficulties in using hemp fibers or shives in construction [7–10].
In the same way, cork [11] or other recycled mixtures [12–14] are used as components in constructive
applications. Hemp fibers or shives and cork granules, mixed with lime or cement, exhibit evaluable
thermal and mechanical properties. In [14], vibrated compressed blocks made with hemp shives
attained a thermal conductivity value of 0.34 (W/m·K). In [8], values between 0.179 and 0.543 (W/m·K)
were obtained by using lime and hemp shives. In both cases, the material density was about 600 kg/m3.
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Also the transient thermal properties together with the hygrometric ones are remarkable [15].
The construction process, including mechanical tests, was also tested on a full-scale building [16].
Concerning durability, the straw elements are not significantly exposed to organic attacks.
The cork granules are used in buildings mainly for insulating panels and finishing pavement
layers [17], due to the capacity to resist compressive forces. The thermal properties are also favorable
with a thermal conductivity of less than 0.05 (W/m·K). Referring to mechanical properties, the black
cork panels have a compression strength of 0.2–0.4 MPa and similar values of flexural strength, whereas
the Young’s modulus is about 5.0 MPa. The cork is not strongly sensitive to organic attacks, although
fungal colonization can influence its mechanical properties [18], and is fire resistant.
The natural hydraulic lime (NHL) is exclusively derived from natural marl or siliceous limestone,
with only the addition of water as in EN 459-1 and ASTM C-141 regulations: it commonly performs
with compression strength values between 2.0 and 5.0 MPa. Low-impact and environmentally friendly
new aggregates and binders can be reasonably included in a large-scale constructive process whether
they are easy to supply and cost-effective [19]. Moreover, they should have satisfactory mechanical
properties and the mix design has to be workable. In this paper, an experimental campaign is reported.
A selection of several mix designs has been done to perform a sufficient workability of the fresh
mixture in a traditional factory to produce lightweight vibro-compressed concrete blocks; moreover,
the fresh mix design after the vibro-compression phase should be able to maintain the shape of the
block for the further curing phase. Mechanical tests are addressed to evaluate new mix design types for
pre-cast masonry units. These masonry units can be applied on elements for vertical separating walls
or as horizontal elements at the base of low-rise buildings to help RCW elements [4]. Those elements
could also contribute to enforcing the capability of dissipating energy during rocking out-of-plane
motions of walls [20], adding their role to the elastic restraints [21–23].
2. Production Assessment
A set of units with dimensions of 250 mm × 120 mm × 55 mm was produced in a factory of
vibrated-compressed concrete blocks, by using molds to cast the fresh products. The components
chosen for testing were hemp shives and cork granules, while the binder was pure NHL or NHL mixed
with Portland cement.
Hemp shives (Figure 1) were selected with a thickness range from 0.5 to 1.5 mm and a length
range from 6 to 15 mm; those measurements were given by the supplier and verified by sieving
and direct survey on spot elements. Cork granules, sub-products of previous production processing,
were of the second category type with a diameter range from 2 to 3 mm (Figure 2) obtained by
sieving. The NHL was supplied by an Italian factory, and classified as NHL3.5 (i.e., compression
strength of 3.5 MPa). The entire mix design has been conceived to use low-cost, low-technology and
environmentally friendly components. Five different mix design types have been prepared, four with
hemp shives and one with cork granules, as follows:
TEST A:—hemp (15 mm)—60 kg—NHL 3.5–140 kg—water—100 kg
TEST B:—hemp (6–15 mm)—60 kg—NHL 3.5–200 kg—water—109 kg
TEST C:—hemp (15 mm)—60 kg—NHL 3.5–170 kg—cement type 32.5 MPa—30 kg—water—130 kg
TEST D:—hemp (6–15 mm)—34 kg—hemp (6 mm)—34 kg—cement type 32.5 MPa—130 kg—
water—134 kg
TEST E:—cork (2–3 mm)—5.4 kg—NHL 3.5–20 kg—water—10 kg
The blocks with mix design types from A to D have been produced by automatic vibro-compressed
block-making machines. The block with mix design type E has been manually made in the fresh phase
(Figure 3), i.e., the mix design was not automatically prepared by the production chain, but it was
automatically vibro-compressed into the conveyor and moved for curing (Figure 4). The production
chain is depicted in Figure 5. The aggregates were carefully selected to give a quality textured consistent
finish with weight measurements.
Buildings 2016, 6, 40 3 of 10
Buildings 2016, 6, 40    3 of 10 
curing  (Figure  4).  The  production  chain  is  depicted  in  Figure  5.  The  aggregates  were  carefully 
selected to give a quality textured consistent finish with weight measurements. 
 
(a)  (b)
Figure 1. Hemp shives with average length of (a) 15 mm and (b) 6 mm (yellow unit 20 mm). 
 
Figure 2. Cork granules with average diameter 2–3 mm (black unit 10 mm). 
 
Figure 3. Fresh blocks outgoing from the mold box. 
Figure 1. Hemp shives with average length of (a) 15 mm and (b) 6 mm (yellow unit 20 mm).
Buildings 2016, 6, 40    3 of 10 
curing  (Figure  4).  The  production  chain  is  depicted  in  Figure  5.  The  aggregates  were  carefully 
selected to give a quality textured consistent finish with weight measurements. 
 
(a)  (b)
Figure 1. Hemp shives with average length of (a) 15 mm and (b) 6 mm (yellow unit 20 mm). 
 
Figure 2. Cork granules with average diameter 2–3 mm (black unit 10 mm). 
 
Figure 3. Fresh blocks outgoing from the mold box. 
Figure 2. Cork granules with average diameter 2–3 mm (black unit 10 mm).
Buildings 2016, 6, 40    3 of 10 
curing  (Figure  4).  The  prod ction  chain  is  depicted  in  Fi ure  5.  Th   aggregates  were  carefully 
selected to give a quality textured consistent finish with weight measurements. 
 
(a)  (b)
Figure 1. Hemp shives with average length of (a) 15 mm and (b) 6 mm (yellow unit 20 mm). 
 
Figure 2. Cork granules with average diameter 2–3 mm (black unit 10 mm). 
 
Figure 3. Fresh blocks outgoing from the mold box. 
Figure 3. Fresh blocks outgoing from the mold box.
Buildings 2016, 6, 40    4 of 10 
 
Figure 4. A set of blocks placed for curing. 
 
Figure 5. Example of production chain of blocks: (a) plate of fresh mix design; (b) vibro‐compression 
mold box; (c) curing area. 
The natural humidity of the components was monitored by electric sensors inside the hopper 
before adding water, furnishing values of natural humidity between 10% and 14%. The curing phase 
was performed in a room with 20 °C and 50% humidity. 
Some pilot trials, not reported in the present paper, have been firstly performed to evaluate the 
correct  mix  design  for  the  production  tests.  The  negative  role  of  the  cement  mixed  with  cork 
granules was particularly evident. One week after  the blocks’ production, some preliminary  tests 
were set up to verify the absence of penetration throughout a Vicat needle and a further imprint trial 
with a concentrated shear test on a sub‐set of elements. One month after production, the mechanical 
tests were done. The average values of the apparent density were the following: 643 kg/m3 (test A); 
698 kg/m3 (test B); 753 kg/m3 (test C); 638 kg/m3 (test D); 561 kg/m3 (test E); the porosity after curing 
of the hemp blocks was between 12% and 16% while that of the cork was between 14% and 18%. The 
porosity was measured by the difference of the weight between the dry state and the completely wet 
state. 
3. Mechanical Tests 
A series of flexural and compression collapse tests were performed  in the  laboratory 28 days 
after the blocks were manufactured. The tests were carried out on six‐unit specimens (250 mm × 120 
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The natural humidity of the components was monitored by electric sensors inside the hopper
before adding water, furnishing values of natural humidity between 10% and 14%. The curing phase
was performed in a room with 20 ◦C and 50% humidity.
Some pilot trials, not reported in the present paper, have been firstly performed to evaluate
the correct mix design for the production tests. The negative role of the cement mixed with cork
granules was particularly evident. One week after the blocks’ production, some preliminary tests
were set up to verify the absence of penetration throughout a Vicat needle and a further imprint trial
with a concentrated shear test on a sub-set of elements. One month after production, the mechanical
tests were done. The average values of the apparent density were the following: 643 kg/m3 (test A);
698 kg/m3 (test B); 753 kg/m3 (test C); 638 kg/m3 (test D); 561 kg/m3 (test E); the porosity after curing
of the hemp blocks was between 12% and 16% while that of the cork was between 14% and 18%.
The porosity was measured by the difference of the weight between the dry state and the completely
wet state.
3. Mechanical Tests
A series of flexural and compression collapse tests were performed in the laboratory 28 days after
the blocks were manufactured. The tests were carried out on six-unit specimens (250 mm × 120 mm
× 55 mm) for each mix design type, as shown in Figure 6. We used a 250 KN Galdabini machine
(Galdabini, Varese, Italy) with a force tolerance of ±5 N and a displacement tolerance of ±0.001 mm.
The orientation of the tests was perpendicular to the direction of casting.
The flexural tests were performed by applying a concentrated transverse load in the middle of
the unit, fixing a span of 200 mm with a transverse section of 55 mm (height) and 120 mm (thickness).
The supports were implemented to avoid damages due to excessive local pressure. The loads were
monotonically applied, by controlling the loading speed through the measures of the supports’ relative
displacement. The tests were made up to the complete failure of each specimen; the maximum load
P was detected through the internal dynamometer of the Galdabini machine and the corresponding
vertical relative displacement v was measured. A picture of the flexural test and the main results are
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shown in Figure 7 and in Table 1, in terms of the average and standard deviation values of the collapse
force and the corresponding displacement.
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Table 1. Data from flexural tests.
P σP v σv
Test A 361 42 1.183 0.186
Test B 97 136 0.923 0.239
Test C 244 154 0.845 0.238
Test D 636 168 2.242 0.266
Test E 601 164 2.600 0.261
P: Transverse collapse force (average values)—N; v: limit displacement of P (average values)—mm; σP, σv
standard deviation of (P, v).
All the pieces, obtained from the bending failure of the specimens, have been used to perform
compression tests up to collapse, through a steel squared base of 50 mm (Figure 8a,b).
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The specimen was applied on a free extremity, to minimize the containing effect due to the steel
plate (Figure 8a). The results were compared with a subset of tests executed on a specimen with a cubic
shape with a side of 50 mm (Figure 8b), verifying the correctness of the adopted set-up.
The summary of the results is reported in Table 2, in terms of the average and standard deviation
values. The collapse force has been conventionally fixed, for type D (hemp and cement specimen),
at 5.25% of strain and, for type E (cork specimen), at 7.00% of strain, due to the absence of explicit
rupture. The typical surfaces of hemp and cork blocks are shown in Figure 9.
Table 2. Data from compression tests.
N σN w σw
Test A 1034 130 1.655 0.644
Test B 318 95 1.980 0.422
Test C 892 115 1.750 0.289
Test D 1556 232 2.625 0.250
Test E 1830 63 3.500 0.000
N: Axial collapse force (average values)—N; w: limit displacement of N (average values)—mm; σN , σw standard
deviation of (N,w).
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4. Results
The described mechanical tests provided conventional values of tension strength, compression
strength and strain of collapse. The tension strength has been evaluated by the common Navier
formula, deduced from ratio of the bending moment M = PL/4 and resistance modulus W = bh2/6
σf = 1.5
P L
bh2
(1)
on a simply supported beam of L = 200 mm; b = 120 mm; h = 55 mm. The compression strength has
been referred to the steel plate area A = 2500 mm2, while the strain is measured on a length of 50 mm.
The mechanical results are reported in Table 3.
Table 3. Summary of the mechanical tests results.
m σf σc εcu Ec
Test A 643 0.299 0.414 0.0331 12,495
Test B 698 0.080 0.146 0.0431 3387
Test C 753 0.192 0.357 0.0350 12,190
Test D 638 0.4836 0.6222 0.0525 15,070
Test E 561 0.4502 0.7318 0.0700 18,570
m: Apparent volumic mass (kg/m3); σf : flexural strength (MPa); σc: compression strength (MPa); εcu: limit
compressive strain; Ec: equivalent Young’s modulus (KPa).
5. Discussion
The mechanical test interpretation allowed us to make the following considerations addressed to
an optimization of the proposed mix design types.
(a) The best mix design with hemp and NHL from a mechanical point of view is type A, where the
percentage of NHL is lower with respect to type B, probably due to the excessive amount of NHL
in comparison with the other components or the insufficient amount of water that did not permit
a complete hydration process.
(b) The role of the cement in the mix design with hemp shives is not mechanically relevant with
respect to the NHL: type C (with NHL and cement) has lower strength values, while the increment
of strength due to the cement on type D is not significant.
(c) All the specimens show reduced strength values, a moderate difference between σf and σc and
high collapse strain: it means that the elements are not effective for load-bearing use whether
employed for non load-bearing purposes or combined with structural elements..
(d) All the specimens perform a ductile behavior due to the inelastic stress-strain law performed
during the tests; joined with tension strength, they can be used in a composition with structural
components (i.e., in the mix design of vibro-compressed concrete blocks) or for non-load-bearing
applications on buildings (i.e., insulating panels, basement layers, separating walls).
(e) The cork specimens show the best mechanical performances for structural purposes, achieving
the maximum strain and compression strength and the lightest weight from the set of the products
considered, along with relatively high tension strength.
(f) Application on insulating panels, mainly for the cork composition, could be an interesting
solution for masonry production in the field of bio-natural concrete elements.
(g) The difficulties of performing an equilibrated mix design in the presence of hemp fibers or shives
should be taken into account to evaluate the percentage of water absorbed by the hemp by
subtracting it from the curing reaction of the binder. The reduced compatibility of the hemp with
cement should also be considered.
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(h) The production process and the mechanical tests show that the proposed mix design can be
easily adopted in the vibro-compression unit procedure. Further investigations should be done
to address the proposed mix designs to the described applications.
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